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Bismuth  chalcogenides  (Bi2X3, X =  S, Se, Te)  were synthesized  from  the  elements  under  hydrothermal
condition.  Single  phases  of Bi2S3 and  Bi2Se3 were  produced  at 240 ◦C. Bi2Te3 was  obtained  as an  almost
single phase  with  a  small  amount  of  Bi2TeO5.  From  the  results  of  control  experiments  without  water,  the
hydrothermal  condition  in  the  production  of  Bi2S3 was  more  effective  than  that  of Bi2Se3. The  particles  ofvailable online 2 September 2014
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obtained  Bi2S3 were  spherical,  with  a diameter  of  ∼1 m. The  Bi2Se3 particles  were in a plate-like  form,
with  a width  of ∼1 m  and  a  thickness  of  ∼0.2 m.
©  2014  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  All  rights  reserved.-ray methods
. Introduction
Bismuth chalcogenides (Bi2X3, X = S, Se, Te) are semiconductor
ompounds that have gained attention for use in photovoltaics
1], thermoelectric devices [2–4], photoconductive materials [5],
lectrochemical hydrogen storages [6,7], and topological insulators
8]. In conventional synthesis techniques, elemental bismuth and
halcogens are reacted at high temperature under vacuum-sealed
onditions, or hydrogen chalcogenide is purged into the aqueous
etal salt solutions.
However, in recent years, synthesis using a hydrothermal
ethod is becoming more common. For example, a Bi2S3 nanowire
as been successfully synthesized using the hydrothermal method
ith thioglycolic acid [9]. It was also reported that the synthesized
i2S3 nanowire was very long, being a few millimeters in length and
0 nm in diameter [10]. The synthesis of nano-structured ﬂowers
f Bi2S3 particles is also possible using the hydrothermal reac-
ion of bismuth nitrate pentahydrate and thiourea in nitric acid
11]. Furthermore, it has also been reported that the shape of a
article of Bi2S3, synthesized under hydrothermal conditions, is
argely dependent on the type of sulfur source [12]. For Bi2Se3, it
as been reported that, to synthesize nanotubes and nanosheets,
iCl3 and hydrazine hydrate can be reacted in an H2SeO3 solution
nder hydrothermal conditions [13]. Moreover, it has also been∗ Corresponding author. Tel.: +81 28 689 7104; fax: +81 28 689 7104.
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ttp://dx.doi.org/10.1016/j.jascer.2014.07.009reported that reactions of NaOH, Se powder, hydrazine hydrate,
Bi2(NO3)3•5H2O, and triethanol amine can be used to synthesize
Bi2Se3 nanorods [14]. For Bi2Te3, synthesis techniques for Bi2Te3
particles with nanostructures have been reported using the reac-
tion of NaOH, Te powder, hydrazine hydrate, and BiCl3 [15], or the
reaction of Bi(NO3)3, TeCl4, and KBH4 [16].
The hydrothermal synthesis technique can be used to synthe-
size substances at low temperatures, but, in many cases, the raw
materials required are complex compounds, such as the metal salts
described above. In contrast, we  have studied a simple hydro-
thermal reaction using only an elemental metal and an elemental
chalcogen as starting materials. In this manner, we have succeeded
in synthesizing the binary metal sulﬁdes of CuS [17,18], Cu2S [18],
Ag2S [18], NiS [19], Co9S8 [19], Ni3S2 [19], ZnS [20], and CdS [20],
and the complex ternary metal sulﬁdes of Ag3CuS2 [21] and AgCuS
[21]. Among these sulﬁdes, we  have observed interesting particle
shapes, such as polyhedral CuS and Cu2S. We considered whether
this simple approach can possibly be applied to the synthesis of
Bi2X3 (X = S, Se, Te).
Therefore, in this study, we  attempted the synthesis of Bi2X3
(X = S, Se, Te) using the raw materials of elemental bismuth and
elemental chalcogens under hydrothermal conditions. We  also
evaluated the products with X-ray diffraction (XRD) measurements
and scanning electronic microscopy (SEM) observations.2. Experimental
Bismuth, sulfur, selenium, and tellurium were used as starting
materials. Bismuth (5 mmol) and chalcogen (7.5 mmol) powders
tion and hosting by Elsevier B.V. All rights reserved.
 Ceramic Societies 2 (2014) 366–370 367
w
a
(
t
1
s
ﬁ
i
z
w
s
e
p
t
3
3
t
t
i
r
4
a
a
t
h
m
Fig. 1. The XRD patterns of the Bi2S3 products produced at (a) 240 ◦C, (b) 210 ◦C,
(c) 180 ◦C, (d) 240 ◦C without water, and (e) 210 ◦C without water. (f) The reported
F
mK. Tezuka et al. / Journal of Asian
ere weighed and ground in an agate mortar. The mixtures were
dded to a Teﬂon-lined pressure vessel with a capacity of 23 mL
Parr, 4749), which was  ﬁlled with 10 mL  of distilled water. Then
he pressure vessel was sealed and heated over a temperature range
80–240 ◦C (at intervals of 30 ◦C) for 10 h. After heating, the pres-
ure vessel was cooled to room temperature. The precipitates were
ltered and washed with distilled water several times. After drying
n a desiccator for 12 h, the powder was collected for characteri-
ation. In order to clarify an effect of water, control experiments
ere performed without water. Powder XRD patterns were mea-
ured with Cu K radiation on a RINT2200 diffractometer (Rigaku)
quipped with a graphite monochromator. The morphology and
article size of the products were observed via FE-SEM images,
aken with an S-4500 system (Hitachi).
. Results and discussion
.1. Bi2S3
Fig. 1 shows the XRD patterns of the products. In the 240 ◦C case,
he Bi2S3 was produced as a single phase. The yield was 97%. Since
he pH of the liquid after the reaction became rather acidic at 1.3,
t is thought that part of the dissolved sulfur in the raw materials
eacted with water like the following [22]:
S + 4H2O → 3H2S + H+ + HSO4−. (1)
Even in the 210 ◦C case, although the Bi2S3 was  mostly produced
s a single phase, some peaks of unreacted starting materials, such
s Bi and S were observed at the positions indicated by inverted
riangles and circles, respectively, in Fig. 1. At 180 ◦C, the Bi2S3 was
ardly generated; the raw materials of Bi and S were observed as the
ain components; hence, it was found that the reaction had barely
ig. 2. SEM images of the Bi2S3 products produced at (a) 240 ◦C, (b) 210 ◦C, (c) 180 ◦C, (d
aterials (f) Bi and (g) S.pattern of Bi2S3 (ICSD no. 617019). Inverted triangles and circles show positions of
main peaks of Bi and S, respectively.
progressed. Next, in order to clarify the effect of the hydrothermal
conditions, we  performed control experiments without water. The
results are shown in Fig. 1. In the 240 ◦C case, even in the absence of
water, the major product was Bi2S3, but some starting raw material
) 240 ◦C without water, and (e) 210 ◦C without water. SEM images of the starting
3  Ceramic Societies 2 (2014) 366–370
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Fig. 3. The XRD patterns of the Bi2Se3 products produced at (a) 240 ◦C, (b) 210 ◦C,
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f Bi was observed. At 210 ◦C, almost no Bi2S3 was generated when
here was no water. From these results, we come to know that the
ydrothermal conditions are effective in the production of Bi2S3.
imilar results were obtained had in the cases of CuS [17] and ZnS
20].
Fig. 2 shows SEM images of the products. At 240 ◦C, the Bi2S3
articles produced became spherical; the size was  ∼1 m.  Even
t 210 ◦C, since the produced Bi2S3 was mostly as a single phase,
articles with similar shapes were seen. However, at 180 ◦C, Bi2S3
as not produced; the spherical particles seen at 210 ◦C and 240 ◦C
ere not found. We  know that the shape of Bi2S3 is close to that of
he particles of the Bi raw material. At 240 ◦C, in the control experi-
ents without water, Bi2S3 was produced as the main component.
owever, the shape of the particle was found to be different from
he nearly spherical particle shape under hydrothermal conditions.
rom this fact, it was clear that the hydrothermal conditions not
nly increased the reactivity, but also greatly changed the particle
hape. This result was consistent with previous results for hydro-
hermal synthesis of CuS [17]. Because unreacted Bi was  the main
omponent in the case of 210 ◦C without water, it is understood
hat it has a particle shape close to that of the Bi raw material, as in
he hydrothermal case at 180 ◦C.
The role of water for the reaction between elemental copper and
ulfur is known well [17]. Copper reacts with sulfur to form CuS
t near ambient temperatures (≥46 ◦C) [23]. However, the reac-
ion is restricted to the surface of the particles. The formation
f surface CuS layers on the copper reactant limits interdiffusion
f the copper and sulfur reactants, thus passivating the surface.
ecause unreacted metal copper is observed with CuS phase at
ow temperatures [23], higher temperatures (>165 ◦C) are required
o enhance diffusion and yield phase-pure CuS in the reaction. In
ater, however, the reaction proceeds to completion at much lower
ig. 4. SEM images of the Bi2Se3 products produced at (a) 240 ◦C, (b) 210 ◦C, (c) 180 ◦C, (
aterials (f) Bi and (g) Se.(c)  180 ◦C, (d) 240 ◦C without water, and (e) 210 ◦C without water. (f) The reported
pattern of Bi2Se3 (ICSD no. 42545). Arrows show positions of unidentiﬁed peaks.
temperatures (60 ◦C for 10 h) [17]. Here water provides a medium
to continuously transport sulfur to the reactant copper surface,
thereby avoiding passivation and completing the reaction at low
temperatures. This passivity prevention and breakdown mecha-
nism are common in metal–sulfur–water systems, and have been
d) 240 ◦C without water, and (e) 210 ◦C without water. SEM images of the starting
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Fig. 5. The XRD patterns of the Bi2Te3 products obtained at (a) 240 ◦C, (b) 210 ◦C, (c)
180 ◦C, (d) 240 ◦C without water, and (e) 210 ◦C without water. Reported patterns of
(f)  Bi2TeO5 (ICSD no. 36446), (g) Bi2Te3 (ICSD no. 158366), (h) Te (ICSD no. 96502),
F
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tudied extensively by corrosion scientists [24]. Similar corrosion
eaction mechanism should be applicable to bismuth–sulfur–water
ystem because water clearly promotes the reaction between bis-
uth and sulfur and the particle shapes of products are affected by
he existence of water.
.2. Bi2Se3
Fig. 3 shows the XRD patterns of the products. In the 240 ◦C case,
i2Se3 was produced as a single phase. The yield was 99%. Since the
H of the liquid after reaction was 6.5, which is nearly neutral, it is
hought that there was almost no dissolution of the raw material in
ater. In the 210 ◦C case, a small unidentiﬁed peak is observed at
8.6◦, but the Bi2Se3 was mostly produced as a nearly single phase.
n the 180 ◦C case, Bi2Se3 was produced as the main component,
ut the peaks of the XRD pattern are wide; unidentiﬁed peaks for
mpurities were also seen at 23.4◦, 28.8◦ and 32.7◦. Next, in order
o clarify the effects of the hydrothermal conditions, we conducted
ontrol experiments without using water. The results are shown in
ig. 3. In the 240 ◦C case, the major product was Bi2Se3; however,
 small unidentiﬁed peak for the impurity is observed at 28.6◦. At
10 ◦C, there is little change from the XRD pattern in the case with
ater. From this fact, it is thought that the hydrothermal conditions
ave less effect on the synthesis of Bi2Se3, compared to that of Bi2S3.
Fig. 4 shows SEM images of the products. At 240 ◦C, the Bi2Se3
articles were produced in a plate-like form, with a width of ∼1 m
nd a thickness of ∼0.2 m.  Even at 210 ◦C, since the Bi2Se3 was
roduced mostly as a single phase, particles with similar shapes
ere observed. However, at 180 ◦C, Bi2Se3 was produced and the
late-like particles were also observed, but many were observed
o be thinner or smaller than those produced at 240 ◦C. The XRD
atterns of the products in the control experiments without water
and  (i) Bi (ICSD no. 53797). Arrows show positions of unidentiﬁed peaks.
ig. 6. SEM images of the Bi2Te3 products produced at (a) 240 ◦C, (b) 210 ◦C, (c) 180 ◦C, (d) 240 ◦C without water, and (e) 210 ◦C without water. SEM images of the starting
aterials (f) Bi and (g) Te.
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id not change much with the hydrothermal conditions. However,
or the particles of Bi2Se3 produced in cases without water, there
ere many grains observed to have grown isotropically instead of
eing plate-like. From these results, it can be said that, during the
ynthesis of Bi2Se3, water has less effect on the product, and more
n the particle shape.
Generally, elemental sulfur is more reactive than elemental
elenium because sulfur is easier to gain electrons, having higher
lectronegativity. Since standard Gibbs free energies of formation
or Bi2S3, Bi2Se3, and Bi2Te3 are calculated to be −199, −140, and
78 kJ mol−1, respectively, from thermochemical data [25], Bi2S3
s most stable. Thus, reactivity of selenium is expected to be worse
han that of sulfur. However, in this study, almost pure Bi2Se3 phase
as obtained in the water-free condition even at a low tempera-
ure of 210 ◦C. Furthermore, the difference in the products between
onditions with and without water is less and the effect of water
s reduced compared with the sulfur system. From these results, it
s thought that the reactivity also depends on the particle size of
he starting material. The particles of selenium (∼0.5 m,  Fig. 4(g))
re quite small compared with those of sulfur (>5 m,  Fig. 2(g)).
ince the small particle promotes the reactivity and the diffusion,
he role of water is less in the system.
.3. Bi2Te3
Fig. 5 shows the XRD patterns of the products. In the 240 ◦C case,
he Bi2Te3 was mostly produced as a single phase; a small amount
f Bi2TeO5 was produced as impurities. As the oxygen of the impu-
ities was not included in the raw materials, it is thought that it
riginated from the dissolved oxygen in the water. The yield of the
roduct was 99%. Since the pH of the liquid after the reaction was
early neutral at 6.2, there was almost no dissolution of raw mate-
ials in water. In the 210 ◦C case, the peaks of the XRD patterns
ere slightly widened, but the proportions of the products were
he same as in the case of 240 ◦C. Even at 180 ◦C, a substantially
imilar pattern was obtained, but a tiny peak for new unidentiﬁed
mpurities is seen at 30.3◦. Next, we performed a control experi-
ent without using water. The result is as shown in Fig. 5. In the
40 ◦C case, the major product was the Bi2Te3; the peaks for the
nidentiﬁed impurities are observed at 26.2◦ and 29.9◦. At 210 ◦C,
lmost no Bi2Te3 was produced; only the raw materials of Te and
i were observed. From these results, the hydrothermal conditions
ere found to be quite advantageous for the synthesis of Bi2Te3.
Fig. 6 shows SEM images of the products. At 240 ◦C, the pro-
uced Bi2Te3 particles were rounded, with a diameter of ∼1 m.
t 180 ◦C, angulate particles around 1 m wide and smaller parti-
les approximately 0.5 m wide were mixed. At 210 ◦C, there were
any shapes of particles, as expected midway between 180 ◦C and
40 ◦C. For the Bi2Te3 particles produced in the case without water,
o clear difference could be observed with those produced under
ydrothermal conditions.
For the same reason as previously mentioned in the selenium
ystem, the reactivity of tellurium is thought to be worse than that
f sulfur. However, the reduction in the reactivity was not observed
bviously. It is probably due to smaller particle of tellurium like
he case of selenium, although the particles of tellurium are larger
han those of selenium. On the other hand, the effect of water is
emarkable and so the diffusion by water accelerates the reaction
etween bismuth and tellurium.
[
[
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4. Conclusions
The synthesis of Bi2X3 (X = S, Se, Te) in the reaction of elemen-
tal bismuth and chalcogen (X) under hydrothermal conditions was
successful. The yields of all Bi2X3 (X = S, Se, Te) products were also
over 97%. The Bi2S3 was produced as a single phase at 240 ◦C. The
obtained Bi2S3 particles were spherical, with a diameter of ∼1 m.
The Bi2Se3 was  also produced as a single phase at 240 ◦C. The Bi2Se3
particles were plate-like, with a diameter of ∼1 m and a thickness
of ∼0.2 m.  Most of the Bi2Te3 was  produced as a single phase and
a small quantity of Bi2TeO5 as an impurity were observed in the
240 ◦C case. The Bi2Te3 particles were rounded, with a diameter of
∼1 m.
The reactions in the bismuth–chalcogen–water system are
understandable by the corrosion mechanism similar to the
copper–sulfur–water system. In the sulfur and tellurium system,
water drastically promotes the diffusion of particles and the reac-
tion, while the effect of water is not observed obviously. The
difference of the reactivities is thought to be due to the particle
sizes of the starting materials, chalcogens.
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